Stability of slender bridge deck section for long span bridges against coupled flutter can be improved by using several countermeasures. Previous study by authors have pointed out that double slot can increase significantly the stability of rectangular prism with side ratio B/D=20 (B=width of deck [m], D=depth of deck [m]), but its effects are very sensitive to position and width of the slot. Improper configurations of double slot could lead to unstable deck, which is characterized by positive A 2 * at low reduced wind velocity. This paper aims to study the effect of combination of double slot with other countermeasures such as fairings and winglets. The results demonstrate that for section with narrow double slot, combination with fairings and winglets could produce more stable section, meanwhile for section with wide double slot, combination with fairings is not always good for stabilization.
Introduction
The idea of using double slot as countermeasure for slender bridge deck against coupled flutter of rectangular prism with side ratio B/D=20 was based on the distribution of unsteady surface pressure characteristics, which are: p C (amplitude of unsteady pressure) and ψ (phase difference) along the width of the deck [Permata et al. (2013) ]. The double slot was expected to manipulate the flow field around the section, especially near leading edge where high amplitude pressures occur, and produce favorable condition of aerodynamic derivatives for stability against coupled flutter, which are: low absolute value of A 1 * and H 3 * , and negative A 2 * [Matsumoto et al. (2002) ]. Selected results of the study are presented in table 1. It was shown that low absolute value of A 1 * could be obtained by having double slot. For section with relatively wide double slot, besides having low absolute value of A 1 * , lower absolute value of H 3 * can also be produced (model 6). At the meantime, positive value of A 2 * can also be produced, which means the section will undergo torsional flutter at very low wind velocity. Optimum arrangement of the slot was found (model 4A). Further improvement is studied by combining double slot with additional countermeasures. 
Equation of Motion, Flutter Derivatives and Unsteady Pressure Characteristics
A bridge deck of long span bridge immersed in the smooth wind flow can be modeled as dynamic system of 2 degree of freedom using equations:
where m, I = mass, mass moment of inertia per unit span; η, ϕ = heaving displacement, torsional displacement; c η , c ϕ = damping constant for heaving motion, torsional motion; k η , k ϕ = heaving stiffness, torsional stiffness; L(t), M(t) = unsteady lift, unsteady moment per unit span. Positive heaving motion is downward, and positive torsional motion is nose-up. Aerodynamic forces L(t) and M(t) can be expressed as: where ρ=air density; b=half-width of the deck; U=mean wind velocity; k=reduced frequency=b.ω/U with ω is circular frequency=2.π.f; H i * , A i * = aerodynamic derivatives.
From equation (1) and (2), it can be said that aero-elastic stability or flutter of the system depends on structural parameter or aerodynamic derivatives. In other words, flutter stability can be achieved by changing the structure configuration or modifying the shape of the bridge deck. Since the structural configuration is beyond the scope of this paper, then study is focused only in modifying the shape of the deck, though modifying the deck shape can also change the structural parameter such as frequency ratio [Permata et al. (2013) ].
Aerodynamic derivatives can be expressed with unsteady pressure on the surface of the deck, since total aerodynamic lift and moment are the results of integration of surface pressure along the width (Eq. (3)). Unsteady pressure are represented by two variables: amplitude of unsteady pressure, ) ( * x C p and phase lag, ) ( * x ψ . Amplitude is peak to peak amplitude of unsteady pressure normalized by dynamic pressure at point x * , and phase lag is the lag of maximum negative pressure at point x * to the maximum relative angle of attack of the body.
( ) 
where ω η , ω ϕ = frequency of heaving, torsional motion [Hz]; η 0 , ϕ 0 = amplitude of heaving and torsional motion; subscript H means heaving and T means torsional.
Combination of Double Slot with Fairings and Winglets
The physical processes behind those specific aerodynamic derivatives value of section with double slot were already pointed out [Permata et al. (2013) ]. Low A 1 * for model 1B, 2B, 4A and 6 were explained as low torsional moment in heaving motion resulted from opposite direction of unsteady surface pressure upstream and downstream of slot near the leading edge. Positive A 2 * for model 1B, 2B and 6 were due to unsteady surface pressure at upstream of near leading edge slot which have the same direction with body motion during rotational motion, so these pressures input energy into the vibration.
Additional countermeasures are expected to produce negative A 2 * , while maintaining low absolute value of A 1 * . Two additional countermeasures selected are fairings and winglets. Both fairings and winglets can produce more negative A 2 * but with different mechanism:
-Fairings modify the flow near the leading edge and produce positive ψ (phase difference) [Trein (2009)] . In this study, triangular fairing is used.
-Winglets provide additional lift force that acting as aerodynamic damping during rotational motion [Liu et al. (2006) ]. Several literatures assumed no flow interference between the main body of the section and the winglets [del Arco and Aparicio (1999), Liu et al. (2006) ], but study by Hong (2012) showed that flow interference occurred. Position and size of winglets used in this study follows results by Hong (2012) , where the winglets are positioned right at the edge of the main section and produce more negative A 2 * for rectangular prism with B/D=20 with moderate increase of A 1 * .
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Experiment Models and Results
Models for Wind Tunnels Testing
Several models were tested in the wind tunnel to measure the aerodynamic derivatives. The measurements were performed using load cell. The basic sections are designated as Model F or B/D=20 rectangular prism, Model 1B, Model 2B, Model 4A and Model 6 as in Table 1 . Those models were combined with fairing (model+f), winglet (model+w) and both fairing and winglet (model+f+w) as shown in Fig. 1 . In total, there were 20 models: Size of the model is B=0.3 m, and D=0.015 m. Fairing is a triangular type with equilateral shape. Size of winglet is 4x0.2 cm (width x thickness). The results of aerodynamic derivatives are compared with derivatives of thin plate calculated by Theodorsen function, as presented in Fig. 2 .
In order to get more understanding of the physical process behind the change of aerodynamic derivatives due to the presence countermeasures, additional wind tunnel testing were also performed to measure the unsteady pressure characteristics.
One of the disadvantages of pressure measurement experiment, is that it cannot be applied to general section. For section with appendages like railings, winglets, guide vanes, pressure measurement technique cannot be used to calculate aerodynamic derivatives since only the surface pressures on the main body are measured. Otherwise, direct measurement using loadcell is applicable to general section even with small appendages since the resultant forces are measured. Fig. 2 Aerodynamic derivatives of tested model (A 1 * , H 3 * and A 2 * )
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Aerodynamic Derivatives
From Fig. 2 , several patterns can be observed : 1. For section with narrow slot (Model 1B and 2B), adding fairings or winglets will change the A 1 * significantly, make it closer to the value of A 1 * of B/D=20 rectangular prism. In other words, the benefit of using double slot is reduced by the effects of fairings or winglets.
2. For section with wide slot (Model 4A and 6), the effects of fairings is also significant, but the effect of winglets to A 1 * is insignificant. For these section, adding winglets will change the value of A 1 * slightly, and produce more negative value of A 2 * . 3. For most cases, H 3 * is not affected much by all countermeasures, except for Model 6.
Unsteady Pressure Characteristics
The effects of additional countermeasures to values of aerodynamic derivatives can be explained by analyzing the unsteady pressure characteristics. Fairing at leading edge reduces the amplitude of surface pressure significantly, and also produces positive and near zero phase lag in near leading edge zone. The effects of winglets cannot be understood fully from unsteady pressure data, because measurement only done for surface of main body of the section, not including on the surface of the winglets. Therefore, the lift and moment acting on winglets are still unknown. Unsteady pressure characteristics data can only give explanation about effects of aerodynamic interference between winglets and main body. From Fig. 5 , it can be said that similar results Another interesting results from using winglets, is that the effects of winglets are more significant in section with narrow slot (1B and 2B) compared to section with wide slot (4A and 6). From Fig. 7 , it can be seen that aerodynamic forces on winglets are larger for model 1B+w than for model 4A+w, especially for moment due to heaving motion (related with A 1 * ). The explanation is still not clear, but it confirms that the effects of each countermeasure cannot be generalized because it depends on the aerodynamics of the basic section itself. Fig. 7 Comparison of aerodynamic derivatives from direct measurement (using loadcell) and from integration of surface pressures (without pressures on winglets)
Flutter Stability
Based on the aerodynamic derivatives data, it can be expected that even though fairings and winglets could stabilize section with narrow slot (change A 2 * to negative), but the improvement of stabilization compared to basic section, Model F, would be moderate. Winglets could stabilize section with wide slot, and the use of fairing is not always favorable for stability. The flutter onset velocities of these models were calculated using CEVA, and the results are presented in Table 3 . The result of flutter onset velocity for Model F in Table 2 Based on Fig. 2 , it can also be pointed out that different effect of winglets to each model implies that analytical approximation is not applicable in these cases. It can be said that the presence of winglets change the flow field and obviously interference occurred between winglets and main body. The effects of fairing are relatively more predictable. The change of ψ (phase difference) at upstream of slot near leading zone due to the presence of fairings produces negative A 2 * (in rotational motion) and relatively large A 1 * (in heaving motion). Furthermore, pressure measurement test is necessary to confirm the effects of fairings and winglets to unsteady pressure characteristics of each model.
Conclusions
Combination of fairings and winglets with section having narrow double slot could produce more stable deck, although the improvement is moderate. For section with wide double slot, the use of winglets is a better option to improve stability, while using fairings is not favorable. These results demonstrate that each countermeasure could give different effect, depending on the characteristics of the basic section. Pressure measurement test is essential to get a comprehensive explanation of effects of these countermeasures. 
